The ubiquitin-proteasome pathway is the principal one for intracellular protein turnover in eukaryotic cells. 1, 2) This pathway is involved in many biological processes, including degradation of damaged, oxidized, or misfolded proteins. Likewise, by this pathway, processing or degradation occurs of regulatory proteins such as cyclins, cyclin-dependent kinase inhibitors (e.g., p21 and p27), tumor suppressors (e.g., p53), and IkB, which are critical in tumor growth and in‰ammation. [3] [4] [5] [6] Proteasome inhibitors might be useful for the treatment of cancer and in‰ammatory diseases.
Neurite outgrowth on rat pheochromocytoma PC12 cells is a well-characterized model of sympathetic neuron diŠerentiation. The ubiquitin-proteasome pathway may participate in neurite elongation, because proteasome inhibitors such as lactacystin and benzyloxycarbonyl-leucyl-leucyl-leucinal (ZLLLal) cause neurite outgrowth on PC12 cells. 7, 8) Previously, we found the proteasome inhibitors tyropeptins A and B, which are produced by Kitasatospora sp. MK993-dF2. 9) Tyropeptins belong to a family of peptidyl aldehyde inhibitors, and the structure of tyropeptin A is isovaleryl-L-tyrosyl-Lvaleryl-DL-tyrosinal (Fig. 1) . 10) Tyropeptin A inhibits chymotrypsin-like and trypsin-like activities of the proteasome in vitro. However, it is unclear whether tyropeptin A can permeate through cell membranes and inhibit the proteasome activity in intact cells.
Here, we describe the inhibition of intracellular proteasome activity by tyropeptin A.
PC12 cells were cultured in RPMI 1640 medium containing 10z horse serum (Gibco BRL Co., Grand Island, NY) and 5z fetal bovine serum (MultiSer; Trace Bioscience, Castle Hill, New South Wales, Australia) in collagen-coated dishes and maintained at 379 C in 95z air and 5z CO2.
For measurement of intracellular proteasome activity, 2×10
6 PC12 cells were treated with various concentrations of tyropeptin A, ZLLLal, or lactacystin for 14 h. Then the cells were washed twice with phosphate-buŠered saline and harvested. The cells were collected and the proteins were extracted by freezing and thawing of the cells in 62.5 ml of 50 mM Tris-HCl buŠer (pH 7.5) containing 1 mM dithiothreitol, 2 mM ATP, and 0.25 M sucrose. Cell debris was removed by centrifugation at 100,000×g for 30 min and the proteasome activity of 10 mg of protein was measured with a ‰uorogenic substrate, succinyl-leucyl-leucyl-valyl-tyrosine-4-methylcoumaryl-7-amide (Suc-LLVY-MCA) as previously described.
9) The protein concentration was measured with a protein assay kit (Bio-Rad, Hercules, CA.).
For detection of ubiquitinated proteins, 1×10 6 PC12 cells treated with various inhibitors for 14 h were washed with phosphate-buŠered saline and lysed in 150 ml of 20 mM HEPES buŠer (pH 7.9) containing 350 mM NaCl, 1 mM MgCl2, 20z glycerol, 0.5 mM EDTA, 0.1 mM EGTA, 1z NP-40, 1 mM phenylmethylsulfonyl ‰uoride, and 50 mg W ml leupep- tin. The lysate was centrifuged to remove insoluble material at 10,000×g for 5 min. The supernatant was boiled in an equal volume of 250 mM Tris-HCl buŠer (pH 6.8) containing 2z SDS, 10z 2-mercaptoethanol, 30z glycerol, and 0.01z bromophenol blue for 5 min. Proteins were separated by SDSpolyacrylamide gel electrophoresis on 4 to 20z gradient gels and transferred to a polyvinylidene di‰uoride membrane. The membrane was blocked with 5z nonfat dry milk for 1 h. Blocked membrane was probed with a rabbit polyclonal antibody to ubiquitinated proteins (A‹niti Research Products Ltd., Mamhesd, Exeter, U. K.). The ECL blotting system (Amersham Biosciences Corp., Piscataway, NJ.) was used for detection of antibody reactions.
For the neurite outgrowth assay, PC12 cells were plated at 1×10 4 W ml in RPMI 1640 medium containing 1z fetal bovine serum in collagen-coated dishes with various concentrations of tyropeptin A or 50 ng W ml nerve growth factor (NGF). Cells were observed under a microscope after 48 h of cultivation.
We observed whether tyropeptin A aŠects the pro-teasome activity in PC12 cells. Treatment with tyropeptin A reduced proteasome activity of PC12 cells in a dose-dependent way ( Fig. 2A) , as speciˆc proteasome inhibitors. Tyropeptin A increased the accumulation of ubiquitinated proteins in PC12 cell (Fig. 2B) , as well as ZLLLal and lactacystin; and the eŠect was greatest for proteins with a high molecular weight at a tyropeptin A concentration of 1.0 mM. The eŠects of tyropeptin A on neurite outgrowth in PC12 cells were examined. Tyropeptin A caused neurite outgrowth at the concentrations of 0.08 to 1.2 mM (Fig. 3 only 0.29 mM is shown) , similarly to NGF at 50 ng W ml. These results showed that tyropeptin A inhibited the intracellular proteasome activity and thus caused neurite outgrowth on PC12 cells.
In previous studies, the addition of a leupeptin analog acetyl-leucyl-leucyl-norleucinal to PC12h cells caused neurite outgrowth, but other protease inhibitors (acetyl-leucyl-leucyl-methioninal, leupeptin, E64s, soybean trypsin inhibitor, hirudin, aprotinin, diiso‰uorophosphate, 6-aminocapric acid, and pepstatin A) did not have this eŠect.
11) ZLLLal inhibits both calpain and proteasome activities and causes elongation of PC12h cell neurites. Benzyloxycarbonyl-leucyl-leucinal, which inhibits calpain activity to the same degree as ZLLLal but inhibits proteasome activity weakly, did not cause neurites elongation at any concentrations. 12) Lactacystin, a speciˆc proteasome inhibitor, caused neurite outgrowth on PC12 cells. 7) These results indicated that the inhibition of proteasome activity causes neurite outgrowth on PC12 cells.
Obin et al. showed a previously unreported role for ubiquitinated proteins in neurite outgrowth on PC12 cells. 7) NGF caused neurite outgrowth at the same time as increased conjugation with ubiquitin and accumulation of ubiquitinated proteins. It appears, therefore, that proteolysis dependent on ubiquitin acted as a negative regulator of neurite outgrowth, and ubiquitinated proteins accumulated cause of treatment with a proteasome inhibitor could act on neurite outgrowth on PC12 cells.
Here we showed that tyropeptin A permeates PC12 cell membranes and inhibits the intracellular proteasome activity. As a result, ubiquitinated proteins accumulated and neurite outgrowth began.
